Abstract The solar-wind energy flux measured near the ecliptic is known to be independent of the solar-wind speed. Using plasma data from Helios, Ulysses, and Wind covering a large range of latitudes and time, we show that the solarwind energy flux is independent of the solar-wind speed and latitude within 10%, and that this quantity varies weakly over the solar cycle. In other words the energy flux appears as a global solar constant. We also show that the very high speed solar wind (V SW > 700 km s −1 ) has the same mean energy flux as the slower wind (V SW < 700 km s −1 ), but with a different histogram. We use this result to deduce a relation between the solar-wind speed and density, which formalizes the anti-correlation between these quantities.
Introduction
That the solar wind exists in two basic states, fast and slow, has been known since the first in-situ observations of the solar wind (Neugebauer and Snyder, 1962) . Similarities and differences between high-and low-speed solar-wind structures had been extensively studied (see the review of Schwenn (2006) and references therein). One of the basic properties of these solar-wind states, together with their differences in composition, variability, and energetics, is the strong anticorrelation between density and flow velocity (Neugebauer and Snyder, 1966; Hundhausen et al., 1970; Rosenbauer et al., 1977; McComas et al., 2000; Ebert et al., 2009) . The Ulysses spacecraft confirmed the existence of the fast solar wind at high latitude during solar minimum, whereas slow solar wind is restricted to near the equatorial plane between about 25
• S and 25
• N (Issautier et al., 2008) . The fast solar wind has a speed around 750 km s −1 , a mean density of 2.5 cm −3 , an electron temperature of 2 × 10 5 K (Le Chat et al., 2011) , and a proton temperature of 2.3 × 10 5 K at 1 AU (Ebert et al., 2009) . For the slow wind at 1 AU, the average speed is around 400 km s −1 with a density of 10 cm −3 , an electron temperature of 1.3 × 10 5 K and a proton temperature of 3.4 × 10 4 K (Schwenn and Marsch, 1990) . However, despite their large differences in properties and coronal sources, both slow and fast solar wind turn out to have a similar energy flux (Schwenn and Marsch, 1990; Meyer-Vernet, 2006; Le Chat, Meyer-Vernet, and Issautier, 2009) .
In the present article, we use several sets of data from different spacecraft at various heliocentric distances and latitudes to calculate the energy flux during 24 years (Section 2). We show that the similarity of the mean energy flux between slow and fast wind is a robust property independent of latitude, and that it varies weakly with solar activity and epoch (Section 3). We also use this property to propose semi-empirical relations between density, velocity and proton temperature in the solar wind and confront them to the data (Section 4).
Data Analysis
We use the following approximation for the solar-wind energy flux [W ] :
where ρ is the solar-wind density, which is approximated as ρ = n p m p when only protons are considered, or ρ = n p m p + n α m α when the contribution of ions He 2+ (α particles) is taken into account. V SW is the solar-wind bulk velocity, M ⊙ is the solar mass, R ⊙ is the solar radius, and G is the gravitational constant. This includes basically the sum of the kinetic energy of the wind and the energy it needs to leave the Sun's gravitational potential. Equation (1) neglects the contribution of the heat flux, of the enthalpy, and of the waves. This is justified by the order of magnitude of these quantities. For instance, Pilipp et al. (1990) measured with Helios an electron heat flux at 1 AU of q e ≈ 10 −6 W m −2 . For the protons, Hellinger et al. (2011) find q p ≈ 10 −7 W m −2 . Compared to our values of W at 1 AU (see Section 3), both q e and q p are negligible, as is the contribution of enthalpy and waves (Schwenn and Marsch, 1990) .
We use one-hour averaged data from Ulysses/SWOOPS (Bame et al., 1992) between April 1992 and June 2009, 24-second averaged data from Wind/ 3DP (Lin et al., 1995) and one-hour averaged data from Wind/SWE (Ogilvie et al., 1995) between November 1994 and September 2011, which allow simultaneous observations at different locations in the heliosphere. The Wind/3DP and Wind/SWE data are considered as two independent data sets.Hourly averaged data from the Helios 2/E1 Plasma Experiment (Rosenbauer et al., 1977) between January 1976 and March 1980 are also used to provide an earlier temporal comparison point. Since Ulysses and Helios orbits exhibit variations in heliocentric distance (R AU ), we assume that the solar wind is in spherical expansion at constant speed (n ∝ R -team, 1975 -2011) and the latitude of each spacecraft (Figure 1 (a) ). The energy flux has been calculated from Equation (1) using hourly averaged data, and then averaged over a solar rotation (taken as 27.2 days) to reduce the effect of transient events such as CMEs or CIRs. The averaged energy flux measured by the three spacecraft is (1.5±0.4)×10 −3 W m −2 at 1 AU, compatible with the value previously found by Schwenn and Marsch (1990) . The mean values at 1 AU for each spacecraft are respectively: (1.4 ± 0.2) × 10 −3 W m −2 for Helios, (1.7 ± 0.4) × 10 −3 W m −2 for Ulysses, and (1.3 ± 0.3) × 10 −3 W m −2 for Wind. Thus, the energy flux measured by Helios is compatible with those measured decades later by Ulysses and Wind.
A very remarkable result shown in Figure 1 is that the solar-wind energy fluxes measured by Ulysses and Wind follow the same variations during overlapping time periods, almost 16 years, and have similar mean values: (1.5 ± 0.4) × 10 −3 W m −2 for Ulysses, and (1.4 ± 0.3) × 10 −3 W m −2 for Wind. This leads to a difference of less than 10% despite the different trajectories of the two spacecraft. This is especially interesting in the time periods when Ulysses and Wind are in very different solar-wind states and at different latitudes (indicated with yellow zones on Figure 1 ). Indeed, this implies that the fast and slow solar winds have the same mean energy flux, either in solar activity maximum (in 2001) or minimum (in 1996 or 2008) , and that this invariance is a global solar property, independent of heliolatitude. Furthermore, the highest differences between Ulysses and Wind values occur in 2004, when both spacecraft were at similar latitudes (but not at the same distance from the Sun). Figure 1 shows a long-term variation in energy flux, with a maximum value 50% larger than the minimum value and a periodicity of about 11 years, with a time shift of about three years compared to the solar activity cycle. However, since the amplitude of this long-term variation is of the same order of magnitude as variations between two consecutive solar rotations, we need longer (of at least another solar cycle) continuous survey of the solar-wind energy flux to confirm the 11-year period of this long-term variation. In the case of Ulysses, the distribution is narrow and nearly symmetrical with a most probable value at 1.05 × 10 −3 W m −2 , corresponding to the energy flux of the high latitude fast solar wind (at a speed of 750 ± 50 km s −1 ). On the other hand, the distribution of the energy flux measured by Wind is very asymmetric, with a peak around 0.7 × 10 −3 W m −2 . This leads to a difference between the two peaks of more than 30%. Nevertheless, the average values during this period are respectively 1.06 × 10 −3 W m −2 for Wind and 1.07 × 10 −3 W m −2 for Ulysses, leading to a difference of less than 1%. It is noteworthy that a similar result is found during the 1996 solar-activity minimum, but with a higher value of the energy flux.
Energy Flux in Minimum and Maximum of Solar Activity
The maximum period corresponds to the years 1999 to 2001, when both Ulysses and Wind measured slow and fast wind, with a dominance of slow solar wind (inner histogram of Figure 2 distances from the Sun. Co-rotating Interaction Regions (CIRs) appear to be the main cause of the differences between the distributions of the energy flux measured by Ulysses and Wind. Indeed, the high-latitude fast solar wind seen by Ulysses during solar minimum does not interact with slower streams. This can explain the nearly Gaussian distribution shown in Figure 2 (a) for Ulysses, compared to the asymmetric distribution observed by Wind in the Ecliptic (where fast and slow winds interact). Note that only few CMEs were observed by Wind during this period (representing only eight hours of this two-year data set, namely 0.5% of the time corresponds to CMEs plasma). CIRs can also explain the differences found in the distributions of the energy flux during maximum of solar activity. Since CIRs are stronger the farthest away from the Sun they are observed, Ulysses measurements are more affected by CIRs than Wind data.
Contribution of α Particles to the Energy Flux
At this point of this article and in the previous study by Schwenn and Marsch (1990) , only protons are considered in Equation (1) [ρ = n p m p ]. During the Ulysses and Wind overlapping time periods, on average, the α particles increase the energy flux by 15%, but they do not change the similarity between fast and slow solar wind. The averaged value of the energy flux that we obtained is <W > = (1.7 ± 0.4) × 10 −3 W m −2 at 1 AU. Assuming a scaling as R 2 AU , this would correspond to an energy flux at one solar radius of 79 W m −2 as previously found by Le Chat, Meyer-Vernet, and Issautier (2009) . In the next sections, we will use ρ = n p m p + n α m α .
Semi-empirical Relation between Speed and Density
We have shown in Section 3 that on average the solar-wind energy flux is independent of the solar-wind velocity and heliolatitude. It is straightforward to derive a relation between the solar-wind mass density and the solar-wind speed from Equation (1):
For the Wind/3DP 24-second averaged data set corresponding to more than 1.9 billion measurements from December 1994 to September 2011, the following most probable value of the solar energy flux at 1 AU is: with the corresponding full width at half maximum:
where σ − and σ + designate the lower and upper boundaries of the full width at half maximum respectively. Using this value of W , Equation (2) becomes:
with ρ = n p m p + n α m α in kg m −3 and V SW in km s −1 . The values of σ − and σ + allow to estimate the following confidence interval of the first numerical value of Equation (3) Figure 3 compares the solar-wind density and speed measured at 1 AU to Equation (3). This shows that this relation represents very well the data up to 700 km s −1 . Between 700 and 800 km s −1 , the distribution of density starts to differ with the prediction of Equation (3). A similar figure can be obtained for each data sets we used in this paper after scaling to 1 AU the Helios and Ulysses data.
Equation (3) can be coupled with the well-known statistical correlation between solar-wind speed [V SW ] and proton temperature [T p ] in order to deduce an Table 1 . Most probable values and confidence intervals of ρ, n, and Tp for both slow (V SW = 400 km s −1 ) and fast (V SW = 750 km s −1 ) solar wind obtained using Equations (3) empirical relation between the solar-wind density and the proton temperature.
One of the earliest study of the V SW −T p relation was done by Hundhausen et al. (1970) , who concluded that Vela 3 data could be fitted with a linear fit of either T p or T p as a function of V SW . Since then, both linear and quadratic fits have been used (Burlaga and Ogilvie, 1970; Lopez and Freeman, 1986; Lopez, 1987; Richardson and Cane, 1995; Neugebauer and Goldstein, 1997; Neugebauer et al., 2003; Elliott et al., 2005) . We choose to use the relation obtained by solving the internal energy and momentum equations (Equation (23) of Démoulin (2009)). It implies, for a given distance and heating flux, that the proton temperature is a quadratic function of the velocity. At 1 AU, comparison to the data of Matthaeus, Elliott, and McComas (2006) leads to the following relation: T p ≈ 0.5V 2 SW , with T p in K and V SW in km s −1 . Consequently, the relation between ρ and T p is:
with ρ in kg m −3 , and T p in K. Table (1) gives some typical values of the solar-wind properties using Equations (3) and (4). The values obtained are compatible with those previously published (Ebert et al. (2009) , and others).
Discussions and Conclusions
Using 24 years of solar-wind data from Helios, Ulysses, and Wind, we find that the average solar-wind energy flux is independent of heliolatitude and similar for both fast and slow solar wind. Furthermore, this quantity varies weakly over the solar cycle, so that the solar-wind energy flux appears as a global solar constant. This result generalizes a previous finding based on data sets restricted to low latitudes (Schwenn and Marsch, 1990) . Nevertheless, it is interesting to note that even if the mean value is very similar, the distribution of the energy flux for the very high speed solar wind (V SW = 750 ± 50 km s −1 ) is different than the one of the solar wind at speed below 700 km s −1 . This very high speed solar wind is mostly observed by Ulysses at high latitudes during solar-activity minimum and corresponds to a steady-state solar wind without interactions with slower streams. Figure 4 shows that a similar result holds for the dynamic pressure, whose global invariance has been previously observed (Steinitz, 1983; Schwenn and Marsch, 1990; Richardson and Wang, 1999) . The mean value of the dynamic pressure is similar for Ulysses and Wind experiencing very different solar-wind speeds and latitudes, but the distributions are different.
Given the different sources of the slow and fast wind, and the large difference generally assumed in the respective expansion factors of their flux tubes, the global nature of the invariance of the energy flux is very puzzling. It appears as if the energy flux provided all over the surface of the Sun, the flux-tube expansion, and the interaction between different streams work together in order to yield the same energy flux at large distances.
In this article, we give a direct relation between the solar-wind speed and its density using the invariance of the energy flux. This relation agrees with almost 17 years of continuous in-situ measurements. Consequently, this relation, which formalizes the well-known anti-correlation between the solar-wind speed and density, can be used as a proxy for deducing the speed from the density. Le Chat, Meyer-Vernet, and Issautier (2009) had also shown that a large spread of stellar winds, including solar-like and cool-giant stars, have a similar value for their stellar-wind energy flux, suggesting that a shared fundamental process might be at the origin of stellar winds.
